Introduction
Proton transfer has been receiving increased attention from scientific communities thanks to its importance in chemical, biological, and materials science [1] [2] [3] [4] [5] [6] . Enzymatic hydrolysis, proton pumps in membrane proteins, the photomutagenesis of DNA, and the fluorescence of green fluorescent proteins are consequences of proton transfer in biology [7] [8] [9] [10] [11] [12] [13] [14] [15] . In chemistry, proton transfer is a key motif of water auto-ionization, fast diffusion of hydronium and hydroxide ions, and acid-base reactions [16] [17] [18] [19] . From the viewpoint of physical chemists, researches on hydrogen (H)-bonding structures and the dynamics of liquid alcohol are of interest because alcohol is also amphiprotic like water (H 2 O), but serves as a simpler model for H-bonded networks. In alcohol, there are only one H-bond-donating site and two accepting sites from the hydroxyl group, resulting in an H-bonded network in the form of a (quasi) 1D linear chain through which fast proton diffusion takes place [20] [21] [22] [23] [24] . Such proton mobility is the mechanism behind the operation of methanol (MeOH) fuel cells in energy science [25] .
More specifically in organic synthesis, proton transfer in alcohol is important because it is related to acid catalysis in alcohol dehydration to produce alkenes, ethers, and sulfates (scheme 1(a)). In various organic chemistry textbooks, alcohol dehydration is described as occurring with a strong acid as a catalyst to form prot onated alcohol, i.e. an alkyl oxonium ion, as a key reaction intermediate [26, 27] . The acid catalysis is evident from the dependence of the reaction rates on the strength of the acids used [26] . However, the stoichiometry of alcohol to reacting acids and the structure of the oxonium ions during the reaction are still not well understood.
To unveil the reaction intermediates involved, it is crucial to track the course of reactions in real time [28] . In this regard, fluorescence spectroscopy is useful and routinely utilized for studying photoinduced reactions in which reactants and products (and intermediates) are emissive. In this case, their time-dependent populations are reflected by time-resolved fluorescence kinetic profiles. Utilizing time-resolved fluorescence spectr oscopy, the ESPT of photoacids has been extensively studied [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] . With this approach, we recently reported experimental observation of the H-bonded cluster formation of ethanol (EtOH) to deprotonate the photoacid N-methyl-7-hydroxyquinolinium (NM7HQ) in the liquid phase [44] . Upon electronic excitation, the acidity of the photoacid immediately increased from pK a = 5. state, which is similar to the pK a value of sulfuric acid. The light pulse triggers the pK a jump and allows for following the proton-transfer event in a timely manner. To selectively monitor the formation of alcohol clusters and their participation in the proton-transfer reaction, we chose binary mixtures of alcohols such as EtOH with an aprotic acetonitrile (MeCN) solvent. In these binary mixtures, EtOH acted as a Brønsted base because it has a higher H-bond-accepting ability than MeCN, which served only as a polar medium hosting the ionic photoacid and the polar alcohol solute. This photoreaction can be regarded as a prototype system to investigate the first step of alcohol dehydration, i.e. acid catalysis (scheme 1(b)). It was revealed that an H-bonded EtOH dimer acts as an effective Brønsted base with increased reactivity as compared to its monomer when reacting with the strong photoacid.
In this paper, we report chemical kinetics analysis of the collisional acid-base reactions between NM7HQ and two different alcohols, MeOH and EtOH, to address the biphasic fluorescence behavior of the parent photoacid as a function of time and the intriguing formation pattern of its conjugate base. As a control experiment, also presented is the proton transfer to dimethyl sulfoxide (DMSO), which is aprotic without forming H-bonded homo-clusters. It was found that a trace amount of water, common in polar solvents, and a small fraction of additive alcohol in the binary mixtures formed H-bonded complexes with the photoacid in the ground state. The ground-state H-bonded adducts then underwent proton transfer and further complexation in the excited state with diffusing alcohol monomers. This study may provide a realistic picture for acid catalysis in alcohol dehydration because the reactions are usually performed in the presence of water.
Methods and materials
N-Methyl-7-hydroxyquinolinium iodide was prepared by refluxing 7-hydroxyquinoline (>99%, Acros Organics) with methyl iodide (>99%, Sigma-Aldrich) in dried toluene for 2 days. The solid product was precipitated by adding diethyl ether to the solution, separated, and recrystallized in an ethanol-ether mixture [45] . −4 M. Absorption spectra were obtained by using a UV/ vis spectrophotometer (Shimadzu, UV-1800), whereas the fluorescence spectra were collected with a fluorometer (Varian, Cary Eclipse). To measure fluorescence lifetimes, a time-correlated single-photon counting (TCSPC) spectrofluorometer (PicoQuant, Fluotime 300) was used with a picosecond laser diode emitting at 375 nm (PicoQuant, LDH-D-C-375) as an excitation source. The total instrument response function (IRF) was ~150 ps. The deconvolution of the fluorescence decay profiles from IRF was performed by using fitting software (PicoQuant, FluoFit) to deduce the kinetic constants from the obtained kinetic profiles. Bootstrapping was used to determine the errors associated with the kinetic constants [46] . All the measurements were performed at room temperature. The content of residual water in neat MeCN was measured by Karl Fisher analysis (Metler Toledo, C20 Compact Karl Fischer Coulometer).
Results
Steady-state absorption spectra Figure 1(a) shows the absorption spectra of NM7HQ in MeCN with the addition of MeOH. In neat MeCN, NM7HQ has a main absorption band with a peak at 355 nm and a hint of another band at approximately 440 nm. The 355 and 440 nm bands are attributed to the lowest electronic absorption of the photoacid, which is cationic (AH + ), and its conjugate base (A), respectively, according to previous reports [44, 45] . When MeOH is added, the band at approximately 440 nm gradually increases, whereas the 355 nm band slightly decreases. Also, a red-shift of the lowest absorption band of AH + upon the gradual addition of MeOH is noted. The spectral change may indicate that AH + associates with MeOH molecules to produce ground-state H-bonded complexes. Similar trends were also observed when EtOH and DMSO were used as additives to MeCN, as shown in figures 1(b) and (c), respectively. The spectral shift with increasing [DMSO] is more pronounced than that with increasing alcohols. Figure 2 (a) presents the fluorescence spectra of NM7HQ as a function of [MeOH] figure 3) . Therefore, the Stokes-shifted band is assigned to the fluorescence from the excited-state A species (A * ). In the fluorescence spectra, the decrease of the AH +* band with increasing
Steady-state fluorescence spectra
[MeOH] is dramatic as compared to the weak decrease of the AH + band in the UV spectra in figure 1 (a) at the same rate of increasing [MeOH] . This indicates that the reduction of the AH +* fluorescence and the concurrent increase of the A * emission with increasing [MeOH] result from excited-state collisional processes of AH +* with the additive MeOH molecules. Similar spectroscopic trends were observed for the EtOH/ MeCN and DMSO/MeCN binary mixtures. It is noteworthy that the quenching of AH +* fluorescence was more rapid when DMSO was added.
Fluorescence kinetic profiles
Fluorescence kinetic profiles were measured to monitor the population changes of the AH +* and the A * species. To probe AH +* , kinetic profiles were collected at 445 nm, whereas those of A * were monitored at 580 nm to minimize the spectral congestion by the red tail of AH +* fluorescence and for high contrast between A * fluorescence and the interfering AH +* fluorescence. The fluorescence kinetic profiles were fit to multi-exponential functions, which are expressed as and A * fluorescence is expected. It follows that one should observe only two global lifetimes; however, this was not the case here. On the other hand, the biphasic behavior can be observed when there exist two distinct excited species that follow different photochemical 
where 'base' is H 2 O, MeOH, EtOH, or DMSO. In this equilibrium, the formation of A is not considered. An expression for the Benesi-Hildebrand plot [48, 49] relating the molar concentration of a base (C) to the observed absorbance can be written as
where A denotes the absorbance measured at C, A 0 is the absorbance measured in neat MeCN, a is the initial concentration of NM7HQ, and ε 1 and ε 2 are the molar extinction coefficients of AH + and AH + (base) n , respectively. For H 2 O as a base, the , whereas n for MeOH, EtOH, and DMSO are 1 with K a = 0.03, 0.09, and 13. [44] . On the other hand, figure 7(d) shows that AH + and DMSO formed the 1 : 1 complexes with a much larger K a value of 13.5 ± 0.4 M −1 ; at the lowest concentration of DMSO in this study, 0.07 M, ~50% of AH + remained free. This can be attributed to the immediate decrease of the AH +* fluorescence to as much as a half of the initial intensity shown in figure 2(c) when DMSO was added to be at 0.07 M. If the ground-state complex of AH + DMSO is excited and undergoes much faster intrinsic ESPT, which is defined as that occurring within the H-bonded complex, than the diffusion-controlled ESPT [44] , the stoichiometry for the ground-state 1 : 1 AH + DMSO complex quantitatively matches the steady-state fluorescence quenching. k diff is that for the diffusion of a hydronium ion to escape from A * completely. k dp is the rate constant for the intrinsic deprotonation of AH +* within the contact complexes, whereas k p is that for the reprotonation of A * . If k diff is much smaller than both k dp and k p , then a pseudo two-state model in which the overall rate is determined by the diffusional formation of a reactive H-bonded complex can be applied as depicted in scheme 3.
Chemical kinetics analysis
In 
where k pt is the overall diffusion-controlled rate constant for ESPT, and k rxn and ′ k rxn are the rate constants for the relaxation of AH +* and A * other than ESPT, respectively. The reciprocals of the fluorescence lifetime of AH +* and that of A * are taken to determine k rxn and ′ k rxn , respectively. In typical ESPT systems, (k rxn + k pt ) in the denominator of the pre-exponential factor of equation 4 is usually larger than ′ k rxn . Therefore, the decay time of a parent photoacid matches well the rise (formation) time of a resulting conjugate base. However, in cases in which ′ k rxn is greater than (k rxn + k pt ), signs for the pre-exponential factors of the decay and rise components in the fluorescence of the conjugated base are subjected to a reversal. In this study, ′ k rxn was obtained to be the reciprocal of the lifetime of A * (6.2 ns), directly populated from its ground-state A by the excitation at 450 nm. Table 1 Scheme 2. Elementary steps for the deprotonation mechanism of NM7HQ assisted by a (clustered) base. For the minor component of the fluorescence decay of AH +* , there is no match in the bi-exponential fits for the A * fluorescence. This is rationalized in that the fraction of the minor component is small (⩽10%), and the production of A * is mainly achieved by the major comp onent. It is noteworthy that the rise time constants for A * at high concentrations of alcohol are observed to be ~10% smaller than the major-decay time constants for AH +* at respective concentrations of alcohol. This discrepancy is possibly a consequence of the convolution of the major slow-rise component and the supposed minor fast-rise component.
Formation of H-bonded complexes in the excited state
The structural, energetic, and dynamic properties of H-bond networks of alcohol with and without excess protons in gas and liquid phases have been explored both experimentally and theoretically [22] [23] [24] [52] [53] [54] [55] [56] [57] [58] . Excited-state prototropic tautomerization has been observed with alcohol clusters as proton-relaying bridges for 7-azaindole in both the gas [55] [56] [57] and the liquid phase [42] . However, ESPT with photoacids has not been reported with alcohol clusters in the gas phase [58] . In this paper, we identify not only alcohol homoclusters but also other hetero-clusters as bases in the condensed phase, where thermal energy and solvation come into play to modulate the free energies of the reactants and products and the activation barriers during ESPT.
To find the stoichiometric number (n) of the alcohols participating in the deprotonation of the photoacid (molecularity), we related the obtained k pt from τ, τ = (k pt + k rxn ) −1 , to a simple nth-order empirical expression [44, 59] upon quenching of the photoacid by base molecules as
where k 0 is the unimolecular rate constant for the deprotonation. Accordingly, we examined the quenching rate of AH +*
, applying the nth-order expression to the dynamic Stern-Volmer relation as follows:
where Δτ = τ τ − 0 and τ 0 is the lifetime of the photoacid without the addition of a base, e.g. MeOH, EtOH, and DMSO. In ESPT, the base is a dynamic quencher of the AH +* fluorescence by accepting a proton to convert AH +* to A * .
For free AH
+ , the Stern-Volmer plots for the major decay component of AH +* fluorescence with MeOH and EtOH fit well with linear functions of n = 2.11 ± 0.05 and 2.06 ± 0.04, respectively, as shown in figures 9(a) and (b), repectively. This indicates that two alcohol molecules are required for free AH +* in the excited state to form a contact H-bonded complex through diffusion and initiate ESPT. In contrast, the ESPT of the photoacid to DMSO is found to occur with n = 0.89 ± 0.02 as shown in figure 9(c). It follows that only one DMSO molecule is sufficient to deprotonate the photoacid. From the molecular structure of DMSO, it is evident that aprotic DMSO cannot form H-bonded clusters among themselves. The basicity of the DMSO monomer with a Kamlet-Taft basicity parameter (β) of 0.76, which is indicative of the H-bond-accepting ability, is already higher than or comparable to the basicity of alcohol in bulk (β = 0.62 for MeOH and 0.77 for EtOH) [60, 61] .
To find the molecularity in the ESPT of the H-bonded AH + (H 2 O) 2 pre-complex, the SternVolmer analysis was performed on the minor decay component of AH +* fluorescence. The Stern-Volmer plots of the minor decay components with MeOH, EtOH, and DMSO give n = 1.15 ± 0.14, 1.12 ± 0.07, and 1.21 ± 0.16, respectively. These results indicate that one ROH or DMSO molecule has to diffuse to the pre-complex and form a higher H-bonded cluster with the two H 2 O molecules already bound to AH +* . 2 . In addition, we observed that a small fraction of AH + forms 1 : 1 H-bonded pre-complexes with alcohol when alcohol is added. This complex can also go through ESPT with a molecularity of n = 1 when further complexed with another alcohol molecule in the excited state.
Because of the high proton-accepting ability of DMSO, only one DMSO molecule is needed to extract the proton from AH +* . Therefore, for the 1 : 1 complexes with DMSO when they are excited directly from the ground state, the diffusional step, which should occur prior to the intrinsic deprotonation of AH +* , is not required anymore and immediate intrinsic ESPT within the complex is expected to occur (scheme 2). This ultrafast ESPT process explains why the majority of A * forms faster than our IRF, as shown in figure 5(b) (table 2) , which is remarkably similar to the calculated fraction of the ground-state complex.
Reactivity of monomeric versus clustered bases
We have demonstrated that non-aqueous acidbase reactions in this study can be facilitated by the collaboration of two alcohol molecules, of which the H-bonded cluster is an effective Brønsted base [44] . The alcohol dimer has enhanced basicity as Figure 9 . Stern-Volmer plots for the major fluorescence lifetime of AH +* versus the concentration of (a) MeOH, (b) EtOH, and (c) DMSO. The molecularities (n) of MeOH and EtOH were evaluated to be ~2, whereas that of DMSO was ~1. Scheme 4. Two plausible pathways for the deprotonation of AH +* by clustered bases depending on the ground-state H-bonded configuration. Upon excitation, free AH + , which is the majority in the ground state, undergoes deprotonation via forming a H-bonded 1 : 2 complex with a homo-dimer of alcohol. The minority of AH + forms a H-bonded 1 : 2 complex with two water molecules already in the ground state due to the residual water in MeCN. Upon excitation it undergoes deprotonation via forming a hetero-cluster composed of two water molecules and one alcohol molecule. compared to monomeric alcohol. Indeed, the β value of MeOH has been reported to be 0.42 for monomers and 0.62 for bulk, whereas that of DMSO is 0.76 for both monomers and in bulk [60, 61] . Our results clearly show that acid-base reactions with amphiprotic weak bases can efficiently take place when these weak base molecules are clustered to reach a critical size with sufficient basicity.
At low concentrations of alcohol (ROH) in this study, the majority (>90%) of AH + molecules existed as free molecules in the ground state. Upon excitation, they underwent diffusion-controlled proton transfer, which was reflected by the slow-decay component whose lifetime was shortened with increasing [ROH] . In this range of [ROH] , it has been reported that alcohol molecules exist mainly as monomers, with a small fraction being dimers [62] , e.g. at [EtOH] = 0.82 M, the fraction of monomers obtained was ~83% by spectroscopic analysis [44] . Therefore, it is plausible to propose that the formation of the alcohol dimer is mainly a stepwise process (scheme 4). Under this mechanism, one alcohol molecule diffuses to a photoacid to form a H bond with the enol group of AH +* , followed by another alcohol molecule approaching the H-bonded one to form a linearly configured alcohol dimer. In a simple molecular picture, the H-bond acceptance of the second alcohol molecule from the first one increases the electron charge density on the oxygen atom of the first one, thus enhancing the basicity of the first alcohol molecule bound to the AH +* . On the other hand, the ground-state configuration of the minority (<10%) of AH + molecules can be either the H-bonded 1 : 2 complex with H 2 O or the 1 : 1 complex with alcohol when alcohol is added (scheme 4). This explains the observed molecularity of 1 for ESPT when the Stern-Volmer analysis was performed on the minor decay component obtained at 445 nm. The H 2 O dimer and the alcohol monomer are not basic enough yet to extract a proto n from the strong photoacid. However, when they form higher H-bonded clusters with an extra alcohol molecule, ESPT eventually occurs.
The key observation in this study is that not only the homo-cluster of alcohol but also the hetero-cluster consisting of one alcohol molecule and two H 2 O molecules can serve as an effective base in the excited-state deproto nation of the strong photoacid NM7HQ in MeCN when a trace amount of water exists. It is noteworthy that the β value of H 2 O is 0.15 when it exists as a monomer, which is much smaller than that of monomeric MeOH (0.42) [61] . It follows that two H 2 O molecules team up with an alcohol molecule to form a hetero-cluster of increased reactivity comparable to the homo dimeric cluster of alcohol as an effective base. With the Stern-Volmer analysis, we revealed only the size of the proton-accepting clusters involved at the rate-determining step, which is the formation of a transient contact complex composed of AH +* and the hetero-cluster. The possible structure of the hetero-cluster with a 2 : 1 composition of water and alcohol molecules can be considered to be cyclically or linearly H-bonded. According to the literature, the hetero-cluster in jet is reported to pose a cyclic configuration [63] . The proto n affinity of monomeric MeOH (or EtOH) exceeds that of water. Accordingly, these may leave a clue that the structure of the hetero-cluster is in the cyclic form, which accepts an H bond from AH +* via the H-bonded alcohol molecule after structural rearrangement.
Summary and concluding remarks
Whether H-bond complexed with alcohol in the ground state or not, once the photoacid N-methyl-7-hydroxyquinolium ion forms a H-bonded complex with two alcohol molecules, ESPT to the complexed alcohol cluster takes place. The photoacid is also found to form a H-bonded complex with residual water in acetonitrile, the aprotic medium hosting the acid-base reactants, with a stoichiometry of 1 : 2. This 1 : 2 complex cannot undergo proton transfer within the excited-state lifetime of the photoacid, but it can when assisted by further H-bonded complexation with an extra alcohol molecule. This notion indicates that a dimeric alcohol cluster, MeOH or EtOH in this study, is a better Brønsted base than a water dimer. In this regard, investigation of the critical size of a water homo-cluster that can act as an effective base in an acid-base reaction with the same photoacid is in progress by this research group.
